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PREFACE 

This report is a summary of the accomplishments during 1977 in Argonne 
National Laboratory's program on high-temperature secondary batteries. This 
work is carried out at Argonne, primarily in the Chemical Engineering Division, 
and at the laboratories of various industrial subcontractors. The major sub
contractors during 1977 were the Atomics International Division of Rockwell 
International, the Carborundum Co., Catalyst Research Corp., Eagle-Plcher 
Industries, Inc., and Gould Inc. Some of the efforts of the many scientists, 
engineers and technicians who have contributed to this program during the 
year are reflected in the list of publications at the end of this report, and 
in other publications planned for the near future. Although acknowledgment 
of the contributions of individuals is beyond the scope of this brief report, 
their efforts are essential to the success of the program. 

IX 



TABLE OF CONTENTS 

Page 

ABSTRACT 1 

I. OVERVIEW OF BATTERY PROGRAM 2 

II. CELL AND BATTERY DESIGN 5 

A. Battery for Electric-Vehicle Propulsion 5 

B. Battery for Stationary Energy Storage 7 

III. COMMERCIALIZATION STUDIES 7 

IV. INDUSTRIAL CELL AND BATTERY TESTING 10 

A. Testing of Industrially Fabricated Cells 10 

B. Testing of Batteries 12 

V. CELL DEVELOPMENT AND ENGINEERING 14 

A. Cells with Iron Sulfide Electrodes 14 

B. Cells with Nickel Sulfide Electrodes 14 

C. Alternative Fabrication Methods 17 

VI. MATERIALS STUDIES 18 

A. Electrical Feedthrough Development 18 

B. Electrode Separator Development 19 

C. Separator Wetting Studies 20 

D. Corrosion Studies of Cell Materials 20 

E. Post-test Examinations 21 
VII. CELL CHEMISTRY 22 

VIII. ALTERNATIVE CELL SYSTEMS 24 

REFERENCES 25 

ADDENDUM: PUBLICATIONS—1977 26 

ill 



LIST OF FIGURES 

TTt-le Page 
No. T i t l e 

6 
1. Lithium/Metal Sulfide Cell 

2. Battery Installation in a Van 

3. Cell Design for Stationary Energy Storage Battery 8 

4. Submodule for Stationary Energy Storage Battery 8 

5. Truckable Module for Stationary Energy Storage Battery 9 

6. Assembled Six-Cell Battery 13 

7. Design of M-Series Cell ^̂  

8. Performance of Cells R-32 and R-26 at 
a 15-A Discharge Current 17 

9. Voltammogram for FeS2 in LiCl-KCl Electrolyte at 405°C 23 

10. Voltammogram for NiS2 in LiCl-KCl Electrolyte at 405°C 24 

LIST OF TABLES 

No. Title Page 

1. Performance and Cost Goals for Lithium/Metal 
Sulfide Batteries 2 

2. Program Goals for Lithium/Metal Sulfide 

Electric-Vehicle Battery 3 

3. Pilot Markets for the Lithium/Metal Sulfide Battery 10 

4. Performance of Selected Eagle-Plcher Cells 12 

5. Performance of Engineering Cells with 
Nickel Sulfide Electrodes 16 

6. Cell Failure Mechanisms 22 

iv 



DEVELOPMENT OF LITHIUM/METAL SULFIDE BATTERIES 
AT ARGONNE NATIONAL LABORATORY 

SUMMARY REPORT FOR 1977 

ABSTRACT 

This report consists of highlights for 1977 of Argonne National 
Laboratory's program on the development of lithium/metal sulfide 
batteries. The intended applications for these high-performance 
batteries are electric-vehicle propulsion and stationary-energy-
storage applications such as load-leveling on electric-utility 
systems. The battery cells consist of a lithium-aluminum or lithium-
silicon alloy negative electrode, an FeS or FeS2 positive electrode, 
and a molten LiCl-KCl electrolyte, which requires an operating tem
perature of 400-450°C. Most of the cells tested during the year were 
of a prismatic design, with capacities in the range of 100-200 A-hr. 

In 1977, subcontracts were continued with three industrial firms 
on the development of cell fabrication techniques and the fabrication 
of cells for testing either at Argonne or in their own laboratories. 
Industrial subcontracts were also continued on the development and 
fabrication of electrical feedthroughs and electrode separators. In 
addition, the Atomics International Divison of Rockwell International 
continued a more general research and development effort on lithium-
silicon/iron sulfide batteries under a subcontract with Argonne. 
These contracts have proved to be an effective means of transferring 
battery technology to industry, as well as bringing industrial 
expertise into the program. 

As a result of the Electric and Hybrid Vehicle Research, 
Development and Demonstration Act of 1976, Increased emphasis has 
been placed on the development of the electric-vehicle battery. In 
November 1977, proposals were solicited for the development, design, 
and fabrication of a 40 kW-hr battery to be tested in an electric 
van at ANL early in 1979. After testing the 40 kW-hr battery, 
electric-vehicle batteries with higher performance, longer lifetime, 
and potentially lower cost in mass production will be fabricated. 

Conceptual designs for a 6 MW-hr battery module for stationary 
energy storage have been completed both at Argonne and at Atomics 
International. Both versions involve cells of about 4 kW-hr capacity, 
which are to be assembled into submodules. Testing of a battery 
module in the BEST (Battery Energy Storage Test) Facility is expected 
to take place in 1983. 

Nearly 200 cells were fabricated by industrial subcontractors 
in 1977 for testing at Argonne or in their own laboratories; approxi
mately 45 additional cells of various designs were fabricated and 
tested at Argonne to evaluate different types of electrodes, current 
collectors, separators, and other cell components. 



Work was continued on the development and testing of materials 
for various cell components, and post-test examinations of cells 
were made to evaluate the behavior of cell materials and to determine 
the causes of cell failure. Chemistry studies during the year were 
concerned primarily with the electrochemistry of FeS2 and NiS2 
electrodes. 

I. OVERVIEW OF BATTERY PROGRAM 

The lithium/metal sulfide battery program at ANL has the dual objective 
of developing rechargeable batteries for use as power sources for electric 
vehicles and as stationary energy storage devices for load-leveling on electric 
utility systems. The widespread use of electric vehicles would decrease the 
consumption of petroleum fuels, since the energy required for charging batteries 
could be produced by coal, nuclear, hydroelectric, or other sources. Load-
leveling batteries could also save petroleum by reducing the need for gas 
turbines to meet peak power demands. Stationary energy storage batteries may 
also find application in conjunction with solar, wind, or other cyclic or 
intermittent sources of energy. 

Although the same electrochemical systems are being developed for these 
two applications and the two types of batteries share much of the same basic 
technology, the performance and cost goals differ significantly. Both the 
near- and long-term goals, which have been somewhat revised from those in last 
year's report, are summarized in Table 1. The electric-vehicle battery must 

Table 1. Performance and Cost Goals for 
Lithium/Metal Sulfide Batteries 

Goal 

Battery Performance 

Energy Output, kW-hr 
Peak Power, kW 
Sustained Power, kW 
Cycle Life 
Discharge Time, hr 
Charge Time, hr 

Cell Performance 

Specific Energy, W-hr/kg 
Specific Power, W/kg 

Cell Cost, $/kW-hr 

Elect ric 
Propul 

Mark I 
1979 

40 
40 
16 
400 
4 
8 

100 
100 

-

Vehicle 
sion 

Demonstration 
1983 

60 
60 
24 

1000 
4 
8 

160 
200 

35-40 

Stationary Energy 

BEST^ 

1983 

5,000 
1,500 
1,000 

500-1,000 
5 
10 

60-80 
12-20 

25-30'' 

Storage 

Demonstration 
1987 

100,000 
25,000 
10,000 

1 3,000 
5-10 
10 

60-150 
12-20 

20 

Battery Energy Storage Test Facility (discussed further in the text), 

Projected cost for a production rate of 2000 MW-hr/yr. 



have a high specific energy (W-hr/kg) to provide an adequate driving range, 
as well as sufficiently high peak and sustained specific power (W/kg) to 
maintain normal highway speeds and to permit passing and hill climbing. The 
volumetric energy and power densities (W-hr/llter and W/liter, respectively) 
must also be high because of the limited space available in most vehicles for 
installation of the battery. The specific energy and specific power require
ments are less demanding for the stationary energy storage battery, whereas 
low cost and long lifetime are essential. 

As a result of the passage by Congress of the Electric and Hybrid Vehicle 
Research, Development and Demonstration Act of 1976, increased emphasis has 
been placed on the development of the electric-vehicle battery. In November 
1977, proposals were solicited for the development, design, and fabrication 
of a 40 kW-hr battery, designated Mark lA, to be tested in an electric van at 
ANL early in 1979. Two 50 kW-hr batteries, designated Mark IB and IC, will 
be tested approximately six and twelve months, respectively, after Mark lA. 
The longer-range goals for the electric-vehicle battery are listed in Table 2. 

Table 2. Program Goals for Lithium/Metal 
Sulfide Electric-Vehicle Battery 

Mark I*̂  Mark II Mark III 
Long 
Range 

Specific Energy, W-hr/kg 
Cell (average) 
Battery 

Energy Density, W-hr/L 
Cell (average) 
Battery 

Peak Power, W/kg 
Cell (average) 
Battery 

100 
75 

320 
100 

100 
75 

125 
100 

400 
200 

125 
100 

160 
130 

525 
300 

200 
160 

200 
155 

650 
375 

250 
200 

Heat Loss through Jacket, W 300 150 125 75-125 

Lifetime 
Equivalent Full Discharges^ 
Equivalent Distance, km 

400 
60,000 

500 
100,000 

1000 
200,000 

1000 
300,000 

Target Dates 
Battery Demonstration 
Pilot Manufacture 

1979 1981 
1982 

1983 
1985 1990 

General goals for Mark I series batteries; the goals for the Mark lA battery 
are somewhat less stringent. 

Calculated at the 4-hr discharge rate. 

'Utilization of more than 50% of the theoretical capacity every 10 cycles. 



The Mark II battery will have higher performance and longer lifetime than 
Mark I, and will be tested in a passenger car or van in 1981. An effort will 
be made to keep the materials and fabrication costs as low as possible. 
Manufacture of Mark II batteries on pilot-plant scale by industry is currently 
scheduled for 1982. The Mark III battery will be designed for installation 
in a passenger car, and pilot-plant manufacture is expected in about 1985. 
The "long-range" column in Table 2 refers to the estimated performance and 
lifetime that can ultimately be achieved with this type of battery system. 

Conceptual design studies of a battery module for stationary energy 
storage have been conducted at ANL and at the Atomics International (Al) 
Division of Rockwell International during the past year; Al and ANL are 
presently merging the two conceptual designs into one. Testing of this type 
of module in the Battery Energy Storage Test (BEST) Facility is expected to 
take place in 1983. The BEST Facility is a joint undertaking by the Department 
of Energy and the Electric Power Research Institute, and will be used to test 
various types of energy storage batteries on a utility system. 

The ultimate goal of the program at ANL is to foster the development of 
a competitive, self-sustaining Industry for the production of electric-vehicle 
and stationary energy storage batteries. To this end, industrial firms were 
invited to participate in the program, starting in 1975, and this arrangement 
is continuing, with approximately 50% of the current funding directed to 
industrial subcontracts. Two firms—Eagle-Plcher Industries, Inc. and Gould 
Inc.—are developing manufacturing procedures and fabricating test cells. 
In addition, the Atomics International Division of Rockwell International is 
conducting a general research and development program with principal emphasis 
on lithium-silicon/iron sulfide cells and components; and Catalyst Research 
Corp. is investigating alternative methods of fabricating lithium-aluminum 
electrodes and assembly of cells in a dry room atmosphere. In the area of 
materials and components, the Carborundum Corporation and the University of 
Florida are developing felt and paper electrode separators; Coors Porcelain 
and ILC Technology are developing insulated electrical feedthroughs. During 
the past year, the Budd Co. has conducted studies on the vehicle-battery 
interface and battery-configuration requirements; they have also performed 
experimental work on the safety aspects of llthium-aluminum/iron sulfide cells. 
TRW Systems, Inc. is designing a charger and cell equalization system for 
electric vehicle batteries. A subcontract is also in effect with Eagle-Plcher 
for the design and fabrication of a thermally insulated jacket for preliminary 
tests of the lithium/metal sulfide battery. Commercialization studies have 
been conducted at ANL with assistance from industrial subcontractors and 
consultants. These studies involve the identification of potential markets, 
cost analyses, manufacturing and financial plans, and evaluations of competing 
technologies. 

Engineering work at ANL includes the testing of cells fabricated by 
industry and development of cells and batteries. As improvements are made in 
the ANL cell materials and designs, they are incorporated into the cells 
fabricated by subcontractors. During the past year, these improvements have 
resulted in significant increases in the specific energy, specific power, and 

Funded directly by the Department of Energy. 



lifetime of the cells. Some of the more Innovative approaches to cell design 
that are in various stages of investigation include pellet electrodes, carbon-
bonded electrodes, and new current-collector structures. 

Work is continuing on the development and testing of cell materials. The 
use of felts or powders as electrode separators appears promising as a means 
of decreasing the cost and increasing the performance of cells. Development 
work on electrical feedthroughs has resulted in large decrease in their weight 
and size, along with greatly improved leak-tightness. Post-test examinations 
of cells have produced valuable information on the causes of cell failure. 
These examinations also provide data on electrode microstructure, material 
distribution, reaction uniformity, impurities, cross-contamination of electrodes, 
and corrosion rates. Cell chemistry studies during the past year were concerned 
mainly with lifetime-limiting mechanisms and alternative active materials for 
the positive electrode. Slow-sweep cyclic voltammetry has been a particularly 
effective technique for investigations of the electrode reactions. 

Under a separate budget activity, but closely related to the lithium/metal 
sulfide battery program, are continuing investigations of alternative cell 
systems. The objective of this work is to develop a battery that uses abundant, 
low-cost materials while maintaining the performance levels required for electric 
vehicles or load leveling. In particular, a negative electrode material less 
expensive and more abundant than lithium is being sought. Engineering cells 
having calcium-alloy negative electrodes have been operated. Investigations 
are also being directed toward magnesium-alloy negative electrodes. 

II. CELL AND BATTERY DESIGN 

The approaches taken in the design of the batteries for the electric-
vehicle and stationary storage applications differ significantly. The two 
designs are discussed below. 

A. Battery for Electric-Vehicle Propulsion 

The battery cells that are currently under development have negative 
electrodes of lithium-aluminum alloy, positive electrodes of metal sulfide, 
and an electrolyte of molten LiCl-KCl eutectic. The melting point of the 
electrolyte (352°C) makes it necessary to operate the battery at temperatures 
above 400°C. In practice, the cells are assembled either in a charged, 
uncharged, or intermediate state. Most of the cells constructed to date are 
of a prismatic configuration with vertically oriented electrodes (see Fig. 1). 
Two negative electrodes and a central positive electrode (which usually contains 
transition-metal sulfide additives) are separated by a porous material such 
as boron nitride fabric or felt which provides electrical insulation between 
the electrodes and permits the migration of lithium ions through the electrolyte. 
Two general types of metal sulfides are being used as the active material in 
most positive electrodes—FeS and FeS2. The FeS2 electrode is capable of high 
specific energy and specific power, but has the disadvantages at present of 
limited lifetime and the requirement for expensive current-collector materials. 
Consequently, the FeS electrode has been selected for the first electric-vehicle 
battery (Mark lA). The overall reactions for cells having FeS or FeS2 in the 
positive electrode are as follows: 



2LiAl + FeS : ^ Li2S + Fe -I- 2A1 

4LiAl + FeS2 ^*: 2LI2S + Fe + 4A1 

(1) 

(2) 

The theoretical specific energies are about 460 W-hr/kg for Reaction 1 and 
650 W-hr/kg for Reaction 2. Voltage vs. capacity curves show a single voltage 
plateau at 1.3 V for Reaction 1 and two plateaus of equal capacity at 1.7 and 
1.3 V, respectively, for Reaction 2. 

Figure 2 illustrates an ANL conceptual design in which a Mark I battery 
is installed in a van modified for electric propulsion. The two battery 
modules shown in the figure each have an energy output of 20 kW-hr. The Budd 
Co., under a subcontract with ANL, has recommended battery configurations for 
a modified van, a modified automobile, and an automobile designed specifically 
for electric propulsion. In one configuration for an advanced-design auto
mobile, the battery housing is cylindrical and is mounted in a central tunnel 
of the vehicle; in another configuration the battery housing is rectangular 
and is an integral part of the vehicle frame. 
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Fig. 1. Lithium/Metal Sulf ide Cell 



Fig. 2. Battery Installation in a Van 

B. Battery for Stationary Energy Storage 

The cells currently under development for stationary energy storage 
batteries have Li-Al or Ll-Si negative electrodes and FeS positive electrodes. 
A conceptual design study has been completed on a 5.6 MW-hr truckable battery 
module for this application. The cells each have a capacity of about 4.4 kW-hr 
at the 5-hr discharge rate, and weigh about 55 kg. They are in the configura
tion of a cube about 25 cm on an edge (see Fig. 3). Eight such cells are 
stacked to form a 35 kW-hr submodule (Fig. 4). The battery module consists 
of 168 submodules, which are inserted into a weatherproof housing. This 
housing is small enough to be trucked to the point of use (Fig. 5). Provisions 
for central instrumentation, heating and cooling equipment, and charging 
equipment are included within the housing. This conceptual design and one 
developed at Al are currently being merged by AI/ANL into a single concept 
that will serve as a basis for detailed design studies and evaluations of a 
full-scale system. Testing of this type of module in the BEST Facility is 
expected to take place in 1983. 

III. COMMERCIALIZATION STUDIES 

Commercialization studies are conducted at ANL with assistance from 
industrial subcontractors and consultants. These studies Involve the identifi
cation of potential markets, cost analyses, manufacturing and financial plans, 
and evaluations of competing technologies. 
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Several conditions must be satisfied to permit commercialization of the 
battery. A primary consideration is the technical feasibility of the 
lithium/metal sulfide system, and this aspect is being addressed in the 
research and development work. The Mark I tests of the electric-vehicle 
battery and the BEST Facility tests of the stationary energy storage battery 
are expected to establish the technical feasibility of the system. A second 
condition is that the battery must be marketable at an acceptable cost. The 
first commercial production will probably be for limited markets such as postal 
vans, buses, mining vehicles, and submarines. In these near-term markets the 
relatively high price of the batteries should be offset by their favorable 
performance characteristics. A study of these near-term (1982-1990) markets 
gave the results shown in Table 8, where the projected market size for various 
applications is given for different battery costs. Previous studies^"^ have 
been conducted on the long-range, large-scale commercialization of this system, 
and these efforts are continuing. 

The third condition that must be satisfied involves the safety aspects 
of the battery, environmental and health considerations, and resource utiliza
tion. A preliminary assessment on the safety aspects of the lithium/metal 
sulfide battery has been conducted by Budd Co. In destructive tests of cells 
at operating temperature (the cells were crushed and the contents exposed to 
air), no signs of fire or other chemical reactions were observed. Tests also 
indicated that the cells are capable of absorbing their own kinetic energy 
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Table 3. Pilot Markets for the Lithium/Metal Sulfide Battery 

Price, 
$/kW-hr 

300 
200 
170 
150 

50 
50 
50 

Market Size. 
MW-

18 

•hr/yr 

85 
119 
197 
441 

580 
,900 
934 

Markets 

Submersibles 
Postal vans 
Postal vans 
Postal vans, 

buses, mining 
vehicles 

Buses 
Vans 
Buses 

Year 

Initiated 

1982 

1982 
1982 
1982 

1987 
1987 
1990 

^The market size shown assumes that the Li/MSx battery 
captures the entire market. The effect of market-sharing 
because of competition from other advanced batteries will 
need to be considered as part of an overall business plan. 

from a crash into a barrier at 50 km/hr (30 mph) . Both of these results are 
highly encouraging with regard to the safe deployment of lithium/metal sulfide 
batteries in electric vehicles. The ANL Division of Biology and Medicine plans 
to undertake a program on the health and environmental effects. With respect 
to resource utilization, questions of cost and availability of lithium have 
been discussed with lithium producers, and studies based on their projections 
have indicated that an adequate supply will be available for at least the next 
twenty years at an acceptable cost. 

IV. INDUSTRIAL CELL AND BATTERY TESTING 

Nearly 200 cells have been fabricated by industrial subcontractors for 
testing at ANL or in their own facilities. These cells have a design similar 
to that shown in Fig. 1, and are 13 x 13 or 13 x 18 cm in the major dimensions 
and about 2-cm thick, with capacities in the range from 100 to 200 A-hr. 

A. Testing of Industrially Fabricated Cells 

Two industrial firms under contract with ANL—Eagle-Plcher Industries, 
Inc. and Gould Inc.—are fabricating Li-Al/FeS and Li-Al/FeS2 cells. 

The main thrust of the work at Gould is the fabrication of upper-plateau 
cells with FeS2 electrodes. A cell test matrix has been devised to allow 
optimization of the electrode thickness and electrolyte volume for the positive 
electrodes, lithium content in the negative electrodes, design of the current 
collector, and method of particle retention. Testing of the Gould cells is 
being conducted both at Gould and ANL. 

These cells are operated only on the upper of two voltage plateaus that are 
characteristic of FeS2 cells. 
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Early in 1977, Eagle-Plcher FeS and FeS2 cells that are of two thicknesses 
underwent testing at ANL. The Type A cells have 3.0-mm-thick electrodes and 
theoretical capacities of 70 A-hr; the Type B cells have 6.0-mm-thick electrodes* 
and theoretical capacities of 150 A-hr. The capacities of the positive and 
negative electrodes are matched in both types of cells. The electrodes are 
fabricated by cold-pressing powders into honeycomb current collector structures. 
During cycling tests of these cells (hereafter referred to as baseline cells) 
at ANL, cell performance was measured. The baseline cell that has operated for 
the longest period (>998 cycles^) is an FeS cell with Type B electrodes. This 
cell has achieved a specific energy of 60 W-hr/kg at the 10-hr rate. An FeS2 
cell with Type B electrodes attained the highest specific energy (65 W-hr/kg 
at the 4-hr rate) and a peak specific power of 50 W/kg, with a lifetime of 525 
cycles. 

Later in the year, Eagle-Plcher fabricated about 50 FeS and FeS2 cells with 
variations in design from those of the baseline cells. These variations included 
electrode thickness, capacity loading of the electrodes, separator material, 
position of the positive terminal rod, thickness of the positive terminal rod, 
and design of the positive current collector. The modified cells were evaluated 
using a standardized procedure that permits a comparison of the performance 
characteristics of cells with different designs. 

Of the FeS cells, the best performance was achieved by Cell 1-3, which had 
a thinner and denser positive electrode (half-thickness, '̂'4.0 ys. 6.0 mm for 
the same capacity loading) than the Type B cell. Of the FeS2 cells, the 
highest performance was achieved by Cell 1-7. The positive electrode of this 
cell was somewhat thinner (half-thickness, '̂ 5.0 mm) and denser (45% more active 
material) than the Type B electrode; the negative electrode was denser (about 
50% more active material for the same thickness); and the current collector was 
of an improved design.' Another FeS2 cell, Cell 1-6, also had very good 
performance characteristics. This cell design included a thinner and denser 
positive electrode (half-thickness, '̂'4.0 vs. 6.0 mm for the same capacity 
loading) and a denser negative electrode (about 30% more active material for 
the same electrode thickness) than the Type B cell. 

Performance data for these three cells are presented in Table 4. For the 
FeS cell, 1-3, the cycle life is above the goals for the cells of the Mark lA 
battery.' However, the specific energy and peak specific power must be 

* 
Because the cells have two negative electrodes and one positive electrode, 
the positive electrode is considered to consist of two halves, each having 
the thicknesses given here. In the material that follows, this dimension 
is referred to as the half-thickness. 

Still in operation as of December 31, 1977. 
f 
A flexible connection between the positive terminal rod and the current 
collector. 

** 
These goals are: specific energy, 80 W-hr/kg at the 4-hr rate; peak specific 
power, 60 W/kg; and cycle life, 200 cycles. 
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Table 4. Performance of Selected Eagle-Plcher Cells 

Cell No. 

1-3 

1-6 

1-7 

Cell Type 

Li-Al/FeS 

Ll-Al/FeS2 

Li-Al/FeS2 

Specific Energy, 

4-hr rate 10-

50 

67 

75 

, W-hr/kg 

-hr rate 

72 

85 

110 

Peak Sp€ 
Power, 

36 

57 

65 

icific 
W/kg 

Lifetime, 
cycles 

>429^ 

133 

118 

^Cell still in operation as of December 31, 1977. 

mci 
....creased. An improvement in performance is expected to be attained by further 
changes in cell design, such as reducing cell weight or using multiple elec
trodes. For the FeS2 cell, 1-7, the specific energy and peak specific power 
are nearly at the goals for the Mark lA battery cells, but the lifetime must 
be increased. The use of nickel sulfide in the positive electrode (see Section 
VII) may provide a means for Increasing lifetime. 

A facility for testing up to 100 Industrial cells is presently being built 
in CEN; to be included as an integral part of this facility is a computer 
system with capabilities for automatic cycling of cells, monitoring of cell 
performance, and data acquisition. The facility will be used primarily for 
lifetime testing of industrial cells. 

B. Testing of Batteries 

In addition to the single-cell tests described above, the performance of 
cells in series and parallel arrangements is being evaluated, start-up and 
conditioning methods are being investigated, and various charging procedures 
and operational schemes are being developed. These tests are being performed 
using Eagle-Plcher cells. 

One of the batteries tested during the past year consisted of two Type B 
FeS cells connected in series. This two-cell battery was operated for 803 
cycles and 491 days, during which time the capacity declined by 32%. Operation 
of the battery was terminated because a short circuit developed in one of the 
cells. Upon further operation of the second cell, most of its capacity was 
restored by increasing the operating temperature from 450 to 500''C. The effect 
of higher operating temperatures on performance will be investigated further. 

During operation of an electric vehicle, the battery will be subjected to 
a variety of charge-discharge conditions. Thus, an experiment was conducted 
on the effect of temperature on charge and discharge, using an Eagle-Plcher 
cell with an FeS2 electrode. This experiment showed that a simple temperature-
control and cooling system should be sufficient for an electric-vehicle battery. 

An insulated case, which has reflective foil insulation in a vacuum annulus 
in all areas except for the front access plug, was obtained from Linde for 

A 

A Division of Union Carbide Corp. 
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testing with six Eagle-Plcher cells. To permit use of this case for testing, 
design modifications were made to the front plug: provisions were made for 
current, voltage, equalization, and heater-power leads; thermocouples; and 
gas purge lines. In addition, internal support structures were designed for 
orientation, support, and clamping of the cells. 

Six Type B FeS2 cells, with mica sheets for electrical insulation, were 
connected In series and placed in the insulated container. The six-cell unit 
and the case are shown in Fig. 6. Operation of this battery revealed the need 
for the following: weight reduction, higher purity atmosphere, better thermal 
and electrical insulation, and better intercell connections. As part of the 
contract for the Mark lA battery, a 12-cell battery with an improved insulated 
case will be provided for testing at ANL. Operation of this battery will 
provide input data for the Mark lA design. 

A facility is now being constructed for laboratory tests of large-scale 
(up to 60 kW-hr) electric-vehicle batteries that will precede in-vehlcle 
tests. This facility, like the lOO-cell testing facility mentioned earlier, 
will also have the capability for computer-controlled cell operation and data 
acquisition. 

Fig. 6. Assembled Six-Cell Battery 
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V. CELL DEVELOPMENT AND ENGINEERING 

The effort in this part of the program is f-^'^'^^ P^^^ftitinrthe '̂ "̂  
development of engineering-scale, prismatic cells capable ° f ^ ^ f J^l develop-
requirements for batteries for both of our applications. .^^^^"^^J^;\f J^^°P 
ment work has concentrated on Improving lifetime and specific energy at hlgh_ 
raeuu wuLR ii<io ^KJ ^ r^Tr\n ^n/rm^) and on establishing improved fabrica-
discharge current densities f^^^ f(^"^^ii'^^.h^^i'gy are demonstrated at ANL, 
tion techniques. Whenever ^J^f ̂^^^^^^J^f J';„33ib?^ into the industrial cells, 
these advances are incorporated as quicKiy as pob&xuxc 

Approximately 45 engineering cells were built and operated during the past 
year. Some of these cells are highlighted in the following discussions. 

A. Cells with Iron Sulfide Electrodes 

For the past several years, CU2S has been added to the positive electrode 
of Li-Al/FeS cells to eliminate the formation of J phase, which produces 
diffuslonal overvoltage and poor electrical performance. Post-test examinations 
of cells of this type (Section VI.E.) have indicated, however, that cell failure 
is often caused by deposition of copper in the separator. For this reason, 
efforts are under way (1) to reduce the amount of copper in the FeS electrode 
or eliminate copper completely, and (2) to discover alternative methods of 
reducing the diffuslonal overvoltage of the FeS electrode. In other studies 
of FeS-Cu2S cells, carbon powder which had been previously heated to tempera
tures above 1000°C was added to the positive electrodes to provide additional 
electrical conductivity. This additive is expected to produce higher specific 
energies in these cells. 

Three charged, upper-plateau FeS2 cells of a new design (Fig. 7) were 
built and operated. The essential features of this design are as follows: 
(1) the positive terminal rod and the honeycomb current collector, which are 
both made of molybdenum, are welded together; (2) the positive electrode is 
formed by hot-pressing a mixture of FeS2-CoS2 and LlCl-KCl eutectic to the 
current collector; (3) the negative electrode consists of a mixture of hot-
pressed Li-Al alloy and LiCl-KCl eutectic in iron honeycomb trays; and (4) 
double layers of Y2O3 or BN felt are used as the separator/particle retainer. 
These cells achieved very high specific energies (up to 120 W-hr/kg at the 
4-hr rate+) owing to the compact design, but had very short lifetimes (less 
than 33 cycles). Modifications of the composition of the active material in 
the positive electrode are being made in an attempt to improve cell lifetime 
(see next Section). 

B. Cells with Nickel Sulfide Electrodes 

Voltammetry studies have indicated that the electrochemical reversibility 
of NiS2 electrodes is better than that of FeS2 electrodes (Section VII). 
Consequently, the recommendation was made that NiS2 be substituted for the 
active material in the positive electrode or used as an additive in Li-Al/MS2 
cells. 

* 
LiK6Fe2itS26Cl. 
t , , 
Current density, 92 mA/cm^. 
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POSITIVE ELECTRODE TRAY/HONEYCOMB CURRENT 
,P0S,T,VE COLLECTOR 
ELECTRODE 

COMPRESSION FEEDTHROUGH 

-ELECTRODE 
SEPARATOR/ 
RETAINER 

NEGATIVE 
ELECTRODE 
HONEYCOMB 
CURRENT 
COLLECTOR 

NEGATIVE SUPPORT SCREEN 

CELL HOUSING 

Fig. 7. Design of M-Series Cell 

In the past year, four engineering-scale cells (theoretical capacities, 
100-125 A-hr) with BN fabric separators and hot-pressed positive electrodes 
containing nickel sulfide have been tested. As can be seen from the cell data 
in Table 5, each of the positive electrodes has a slightly different composition 
of active material. The specific energies at a current density of 100 mA/cm 
and the lifetimes of these cells are also presented in Table 5; data for a cell 
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Table 5. Performance of Engineering Cells 
with Nickel Sulfide Electrodes 

Cell No. 

Positive Electrode 

Composition of 
Active Material" 

Carbon Powder 
Additive, wt % 

Specific Energy," 
W-hr/kg Cycle Life 

R-30 

R-31 

R-32 

R-33 

R-26 

F e S i . 6 5 ( 7 8 . 8 ) 

CoSi .65 ( 8 . 2 ) 

N i S i , 6 5 (13 .0 ) 

N i S i . 9 (90 .7 ) 

C0S2 ( 9 . 3 ) 

NiS2 (100 .0 ) 

NiS2 (50 .0 ) 

FeS2 (50 .0 ) 

FeS2 (96) 

C0S2 (4) 

1 0 . 0 

0 

5 . 5 

8 .0 

0 

50 70 

40 

40 

38 

70 

>200' 

>150 

>90' 

240 

Composition at full charge; numbers in parentheses indicate mol % of each 
constituent. 

At a current density of 100 mA/cm^. 

'Still in operation as of December 31, 1977. 

with an FeS2-CoS2 electrode are presented for comparison purposes. Preliminary 
indications are that the lifetimes of cells with nickel disulfide electrodes 
are longer than those for cells with iron disulfide electrodes but the utiliza
tion of the active material is lower. Figure 8 depicts performance curves 
for a NiS2 cell and an FeS2 cell. Heat-treated carbon powder was added to the 
positive electrode of some of these cells. Further tests are needed to 
determine whether this additive produces the needed improvement in specific 
energy. Efforts are also under way to determine a positive-electrode composition 
that will provide optimum cell performance and lifetime. 

Two other engineering cells (KK-13 and M-4) with nickel sulfide in the 
positive electrodes are showing promising performances. These two cells have 
somewhat different designs from that of the R-serles cells. Both have Y2O3 
felt separators and theoretical capacities of about 165 A-hr. The composition 
of the positive active material in Cell KK-13 is 88 mol % NiS2-12 mol % C0S2, 
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> 

UJ 
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O CELL R-32, L i -AI /NiSg 
A CELL R-26,L i -AI /FeS2 
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CELL CAPACITY, A-hr 

70 80 90 

Fig. 8. Performance of Cells R-32 and R-26 (theoretical capacity: 
109 and 103 A-hr, respectively) at a 15-A Discharge Current 

and the positive electrode was formed by carbon-bonding. To date. Cell KK-13 
has been in operation for more than 100 cycles, and has achieved very high 
specific energies (70 W-hr/kg at a current density of 100 mA/cm ). 

Cell M-4 has the design shown in Fig. 7. The positive active material in 
this cell is 69 mol % FeSi,i|6~31 mol % NiSî t̂ gj ̂ ^^ molybdenum powder (5.3 wt %) 
has been added to improve electrode conductivity. To date. Cell M-4 has 
operated for over 200 cycles and attained specific energies that are even higher 
than those of KK-13 (81 W-hr/kg at a current density of 100 mA/cm^). This cell 
is meeting the performance goals for the cells of the Mark lA battery. 

C. Alternative Fabrication Methods 

An effort is being made to develop improved fabrication procedures to 
reduce the cost and complexity of the cells. At present, most cells are 
assembled in an inert-atmosphere glove box to avoid exposure of the reactive 
materials to moisture and air. A fabrication method that eliminates the need 
for glove boxes would make cell assembly much simpler and less expensive. 

A technique has been developed for assembling uncharged FeS2 cells in 
air. The positive electrode is fabricated by hot-pressing Li2FeS2, which 

t 

The carbon-bonded electrode is formed by heat-treating a paste-like mixture 
of active material, a volatile constituent (amonium carbonate) to produce 
porosity in the final structure, and a binder (carbon powder and furfural 
alcohol). 

Formed by reacting powders of LI2S and FeS (the end products of complete 
discharge of FeS2). 
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is relatively unaffected by air or moisture. The negative electrode is 
fabricated by pressing aluminum wire into sheets. Excess lithium is added to 
the center of this electrode in the form of lithium foil that had been previously 
encapsulated in aluminum foil to protect the lithium from air. The BN cloth 
separator is prewet by soaking it in a solution of KCl and methanol. Several 
engineering cells have been built by this technique. Testing of these cells 
has indicated that they perform similarly to cells built in a glove box. This 
fabrication method may be an important breakthrough for the commercialization 
of lithium/metal sulfide cells. 

Recently, a new method of fabricating positive electrodes has been developed. 
This electrode is produced by hot- or cold-pressing a mixture of active material 
and electrolyte into a small die. The resulting structure (called a "pellet") 
is a durable plaque resembling a ceramic tile. Several of these pellets are 
then slipped into a welded grid structure of metal channels. Good electrical 
contact between the plaque and the current collector is made as the plaque 
expands during the cell reaction. This technique provides an economical, simple 
method for fabricating positive electrodes. 

Engineering cells (both FeS and FeS2 types) containing powder separators 
are also being evaluated. The powder separators replace both the BN fabric 
separator and the Zr02 cloth particle retainer, both of which are expensive. 
Two methods of fabrication are being evaluated: (1) hot-pressing of a ceramic-
and-electrolyte powder mixture on a prepressed positive electrode and (2) 
vibratory filling of ceramic powder into a space between the positive and the 
negative electrodes. Several different powders including MgO, Y2O3, BN, and 
CaS have shown promising results. 

VI. MATERIALS STUDIES 

Efforts in the materials program are directed toward the development of 
various cell components (electrical feedthroughs, electrode separators, current 
collectors, and cell hardware), testing and evaluation of potential cell 
materials (for corrosion and wettability), and post-test examination of cells 
to evaluate the behavior of the electrodes and the construction materials. 

A. Electrical Feedthrough Development 

The design of the prismatic cell requires an electrical feedthrough to 
isolate the positive electrode terminal from the cell housing, which is at the 
negative potential. The feedthrough must be leak-tight, light in weight, 
inexpensive, and compatible with the cell environment. Development efforts 
have concentrated on two types of feedthroughs: a mechanical compression type 
and a brazed type. 

A modified version of the Conax thermocouple feedthrough (mechanical) has 
been used successfully in engineering cells (greater than 1 yr of operation). 
Modifications involved replacing the normal sealant (lava) with BN powder and 
the weak lower Insulator of BN with an insulator of Y2O3. Recently, the overall 
size and weight of this feedthrough have been significantly reduced by decreasing 
the diameter of the conductor, decreasing the length of the BN powder seal and 
the ceramic Insulators, and replacing the large threaded nut by a snap retainer 
ring. An external glass seal on this feedthrough is expected to provide good 
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leak-tightness. The expected cost of this feedthrough is less than $1.25/unlt 
in quantities of about 100,000 (representing small-scale mass production). 
The development of the mechanical feedthrough is essentially complete; all 
that remains to be done is in-cell testing. 

The brazed feedthrough requires corrosion-resistant, high-integrity brazed 
seals between the ceramic insulator and the metallic feedthrough components, 
conducting rod, and cell housing. To facilitate the formation of this seal, 
Coors Porcelain Co. developed several processes for metallizing the surfaces 
of Y2O3 ceramics. However, brazed feedthroughs proved to be unsatisfactory 
in in-cell tests. Current efforts at Coors Porcelain are directed toward 
nonmetallic brazes. The effort on the brazed feedthrough is being minimized 
because of the success with the mechanical feedthrough. 

B. Electrode Separator Development 

The primary function of the separator is to provide electrical isolation 
of the electrodes from each other; at the same time, it must contain sufficient 
electrolyte for the ready transport of lithium ions between the electrodes. 
A practical cell, which must be compact and lightweight, requires a porous 
separator that is compatible with the cell environment, permits close elec-
trode spacing, and has low-cost potential. Candidate materials for separators 
include felts, ceramic powders, and porous, sintered ceramics. 

The development of BN felt separators is receiving major attention. Boron 
nitride felts, supplied by Carborundum Co.,^ have shown superior performance 
in test cells, and have been recommended for testing in engineering cells. 
Cost estimates for the felts provided by Carborundum Co. range from $13 to 19/m^ 
($1.25 to 1.75/ft^), depending on thickness and density, at production rates 
of about 5000 kg/yr. Additional efforts are being devoted to optimizing their 
physical and mechanical properties. 

The development of powder separators, such as AIN, MgO, and CaO, is being 
pursued because separators of this type facilitate cell assembly (see Section 
V.C.), are amenable to low-cost mass production, and permit the use of materials 
which are not available in fibrous form. The major disadvantage of powder 
separators is that they have a lower porosity than felt separators ('\̂40 vs. 
'^-92%), which may restrict ionic transport through the separator at high current 
densities. Preliminary tests of cells using MgO and Y2O3 powder separators 
have been encouraging, although they did show much lower utilizations at high 
current densities (120 mA/cm^) than similar cells with BN felt separators. 
The low projected cost of a MgO powder separator is very attractive—less than 
$5.50/m2 ($0.50/ft2). Efforts are continuing on the development, characteriza
tion, and optimization of powder separators.T 

In the past, BN fabric has been used successfully in engineering cells; however, 
the projected cost for mass production precludes its use in commercial cells. 

Initial development done under contract from ANL. 

Development efforts are also under way at Atomics International under an ANL 

contract. 
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Porous, rigid Y2O3 separators with reasonable strength and porosities 
of about 60% have been fabricated by two techniques: (1) pressing and 
sintering of Y2O3 agglomerated particles to which organic binders have been 
added and (2) sintering of Y2O3 plaster formulations that had been cast into 
molds and dried. These porous Y2O3 separators are now undergoing cell testing. 
The processes described above will also be applicable to the fabrication of 
MgO separators. The extent of further development efforts on this type of 
separator will depend on results of in-cell tests. 

C. Separator Wetting Studies 

In the operation of a cell it is important that the separator be well wet 
by the electrolyte to permit easy passage of the lithium ions. Therefore, 
tests were conducted to determine the wettability, by molten LiCl-KCl, of 
candidate separator materials in porous form (e.g., fabric, felt, powder). 
The wettability of Y2O3, BN, AIN, and AI2O3 was determined by two methods: 
direct observation of the penetration of the porous material by molten salt 
and contact angle measurements of electrolyte drops on solid surfaces of these 
materials. Direct observation indicated that, in porous form, Y2O3 is easily 
penetrated by molten salt but that BN, AIN, and AI2O3 are difficult to pene
trate. Once the latter materials are penetrated by the salt, however, they 
behave as wettable surfaces. The wetting characteristics of all four materials 
deduced from contact angle measurements were consistent with those observed 
in the penetration experiments. 

Studies are now under way to determine pretreatment processes that will 
significantly improve the wettability of the separators. Preliminary results 
on pretreating separators with LlAlCli^ have been encouraging, but additional 
studies are needed. 

D. Corrosion Studies of Cell Materials 

Corrosion testing is an integral part of the selection of suitable 
materials of construction for lithium/metal sulfide cells. Initial evaluations 
are made on the basis of static corrosion tests, and the more promising 
materials are sometimes tested further in specially designed test cells that 
simulate the environment to which a material is exposed in a practical cell. 
The post-test examinations of engineering cells (discussed in the following 
section) also provide information on corrosion behavior under actual cell 
operating conditions. 

The search for low-cost, lightweight materials of construction for FeS 
and FeS2 electrodes is being continued. Results of static corrosion tests 
have shown that molybdenum is the only metal that is compatible with the FeS2 
electrode; this has been confirmed by in-cell testing. For FeS electrodes, 
nickel and nickel-based alloys have shown good corrosion resistance; however, 
these materials are generally expensive. Although corrosion rates of Armco 
iron and low-carbon steel were high (>400 ym/yr) in static tests in an FeS 
environment, in-cell corrosion rates are much lower (50-125 ym/yr). Low-carbon 
steel has been used in all FeS cells with reasonable success. However, for 
long-term applications (>5 yr), this material would not be satisfactory. 
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Because of the need for materials that are both corrosion resistant and 
low in cost, investigations are now being directed toward inexpensive coated 
materials for application in FeS2 and FeS electrodes. Also, the search is 
continuing for inexpensive iron-base alloys that are compatible with FeS 
electrodes. Greater emphasis is being placed on in-cell corrosion testing to 
more clearly define the corrosion reactions and rates. 

Post-test examinations of a number of cells have indicated that the Fe-Al 
reaction layer that is formed on cell housings and negative current collectors 
near the end of discharge, when the electrode is depleted of lithium, is a 
problem only at operating temperatures greater than 450°C, i.e., above the 
normal cell operating temperature. When the operating temperature is kept 
below 450°C, the corrosion rate for the aluminum reaction with low-carbon 
steel is satisfactorily low (25 to 85 ym/yr). 

E. Post-test Examinations 

Post-test examinations are conducted on cells to determine electrode 
behavior (e.g., electrode microstructure, reaction uniformity, and impurities), 
evaluate components (e.g., mechanical properties and corrosion), and determine 
the causes of cell failure. These results are evaluated, and appropriate 
recommendations for improving cell performance are made to engineering 
personnel. 

The presence of Li2S in the separators of a number of FeS2 cells was des
cribed in last year's report. More recent examinations have shown that a 
large amount of Li2S is formed as a continuous band in the separators of all 
FeS2 cells except those containing nickel and/or Hastelloy B, rather than 
molybdenum, current collectors. Chemical analyses of separators from FeS2 cells 
with molybdenum current collectors have shown sulfur concentrations of 6 to 
10 wt %, amounts that represent about 15% of the total sulfur originally in 
the positive electrodes. This loss of sulfur from the electrode partially 
accounts for the capacity decline and consequent lifetime problem of FeS2 cells. 
Although the mechanism for the formation of LI2S in the separator has not yet 
been identified, tests have shown that the use of a sacrificial material (e.g. , 
iron or nickel) within the electrode reduces the extent of Li2S formation in 
the separator. 

Microscopic examinations have shown that, upon repeated cell cycling, a 
connected, sponge-like microstructure is formed within Ll-Al electrodes, 
regardless of whether the starting material is LlAl powder, aluminum wire or 
powder, or cast Ll-Al plates. Moreover, metallographic examinations have 
indicated that a lithium concentration gradient occurs across the thickness 
of charged Ll-Al electrodes. Recent ion-microprobe analyses have confirmed 
the existence of a gradient; lithium concentrations range from greater than 
60 at. % at the front of the electrode (i.e., at the face nearest the positive 
electrode) to less than 20 at. % at the back. 

The causes of failure have been reviewed for 61 engineering cells with 
FeS and FeS2 electrodes; all of these cells had vertical, prismatic designs. 
The results are summarized in Table 6. The following corrective actions to 
prevent cell failure have been recommended: (1) construction of electrode 
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frames with adequate strength to prevent extrusion of the active material, 
(2) elimination (or reduction) of the CU2S additive to FeS cells, and (3) 
addition of protective screens over honeycomb current collectors. 

Table 6. Cell Failure Mechanisms 

No. of 

Cause of Failure Cells 

Extrusion of electrode material 18 

Metallic Cu in separator^ 10 

Cutting of separator by honeycomb current collector 9 

Equipment malfunction 7 

Short in feedthrough 3 

Improper cell assembly 2 

Broken positive conductor 2 

Unidentified 
Declining performance 7 
Short circuits 3 

FeS cell only. 

Overcharge, temperature excursion, or polarity reversal. 

VII. CELL CHEMISTRY 

The cell chemistry studies are directed toward (1) solving the chemical 
and electrochemical problems that arise in the development of lithium/metal 
sulfide cells and batteries, (2) acquiring an understanding of the processes 
that occur within these cells, and (3) identifying new electrodes and electro
lytes that may improve cell performance and life. Most of the cell chemistry 
studies this year were concerned with the properties of metal disulfide 
electrodes. 

Slow-scan cyclic voltammetry has been used to elucidate the charge and 
discharge reactions of the FeS2 electrode vs. LlAl (45 at. % Li) in LiCl-KCl 
electrolyte. A typical voltammogram is given in Fig. 9 (charge reactions are 
shown above the horizontal line and discharge reactions below). Poor electro
chemical reversibility is indicated by the large voltage separation between 
the major charge and discharge reactions in the high-voltage region (1.5 to 
2.0 V). The major discharge peak begins at 1.74 V, which is the potential 
observed on the upper voltage plateau of Li-Al/FeS2 cells; however, the major 
charge peak begins at 1.86 V, which is close to the potential required for 
oxidation of Li2S to sulfur. 

Metallographic studies indicate that this charge reaction proceeds by 
formation of an electrolyte-soluble, sulfur-rich species that reacts with 
Fei_xS to form FeS2. Thermodynamic calculations indicate that FeCl2, an 
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Fe+aUgS + ZAI — LigPeSg+ZLiAl 

2FeS2+3LiAI—Li3Fe2S4+3AI 

Lig FeS2+ 2LiAl-<-Fe + 2Li2 S + 2AI 

Fig. 9. Voltammogram for FeS2 in LiCl-KCl 
Electrolyte at 405°C (scan rate, 
0.015 mV/sec) 

electrolyte-soluble iron species, also forms during this reaction. It is 
possible that these soluble sulfur and iron species diffuse from the positive 
electrode and are reduced as they approach or contact the negative electrode. 
Thus, the unacceptable amounts of Li2S and iron that have been found in the 
BN separators of FeS2-type cells (Section VI.E.) may be a consequence of the 
poor charge kinetics of FeS2. 

The labelled reactions in Fig. 9 were identified in phase studies using 
metallographic and X-ray techniques. These studies showed that the discharge 
of FeS2 in Li-Al/LiCl-KCl/FeS2 cells gives the following sequence of products: 

FeS2 -̂  Li3Fe2S4 -> W phase + Fe^.xS ̂  Ll2FeS2 -̂  LI2S + Fe 

The composition of the W phase has not yet been determined, and only the first 
and last reactions in the above sequence give rise to major discharge peaks. 
The intermediate products, W phase and Fej-xS, exist in the region between the 
two major discharge peaks, and are also present in the region between the 
major charge peaks. The conversion of these intermediate products to FeS2 
during charge probably occurs through the formation of soluble species as 
described in the preceding paragraph. 

In a search for electrodes having better electrochemical reversibility 
than FeS2, NiS2 was investigated by cyclic voltammetry. As can be seen from 
Fig. 10, this electrode has excellent electrochemical reversibility. Tests 
of NiS2 (and of NiS2-FeS2 mixtures) in engineering cells suggest that the 
lifetime-limiting mechanisms encountered with FeS2 electrodes are absent in 
the electrodes that contain nickel (see Section V.C). 

The study of TIS2 as an alternative positive-electrode material, which 
was started last year, has been continued. Preliminary tests were conducted 
with LlAl/TiS2 cells having capacities of 75 to 140 A-hr. Although specific 
energies of 67 and 46 W-hr/kg were achieved at the 10- and 4-hr rates. 
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Ni3S2*Ni7S6 N i ^ S e ^ N i S 

1.0 
POTENTIAL.V 

vs LiAl 

Ni jSg-^Ni 

Ni7S6 —Ni jSa 

NiSz —NiS 

NiS^Ni7S6 

Fig. 10. Voltammogram for NiS2 in LiCl-KCl Electrolyte 
at 405°C (scan rate, 0.015 mV/sec) 

respectively, a variety of mechanical problems led to short-circuiting during 
the first 20 cycles of operation. 

Future work in cell chemistry will be devoted to attaining a more complete 
understanding of the properties of FeS2 electrodes and to finding methods of 
improving electrochemical reversibility. Methods of improving the performance 
of the other metal sulfide electrodes that are now being developed at ANL 
(i.e. , NIS2, TiS2, FeS) will also be investigated, and the search for new 
positive electrodes will continue. 

VIII. ALTERNATIVE CELL SYSTEMS 

The purpose of this work is to develop a molten-salt secondary cell using 
negative electrode material that is less expensive and more abundant than 
lithium. Calcium/metal sulfide and magnesium/metal sulfide cells are being 
investigated because their theoretical specific energies are comparable to 
those of analogous lithium/metal sulfide cells. The near-term goal of this 
research is to demonstrate a cell performance approaching that of lithium/metal 
sulfide cells; the long-term goal is to produce new, low-cost batteries that 
will have the cycle life and performance required for electric-vehicle and 
stationary energy storage applications. 

During the past year, candidates for positive electrodes in calcium and 
magnesium cells were Investigated. Studies indicated that, of the transition-
metal sulfides, only the sulfides of nickel have acceptable performance and 
resistance to overcharge in calcium cells. In magnesium cells, NiS2 and 
possibly TiS2 are acceptable positive electrodes. 
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Of the two types of cells under Investigation, the calcium systems are 
the most advanced; Ca-(Mg2Sl)/NiS (or NiS2) cells have demonstrated reasonably 
good capacity densities of 0.3 A-hr/cm^ in small cell tests (up to 5 A-hr 
capacity). However, in engineering cells (about 100 A-hr capacity), capacity 
densities of only 0.1 A-hr/cm^ (about 30% electrode utilization) have been 
achieved. A recent post-test examination has suggested that this poor capacity 
density resulted from a reaction of calcium with the Zr02 fabric which was used 
as a particle retainer. Cells are now being fabricated without Zr02 fabric 
retainers to determine the effect on cell performance. 

Tests of small magnesium/metal sulfide cells have shown that they are 
electrochemically reversible. A problem that continues to prevent scale-up 
of magnesium cells is the formation of dendritic magnesium deposits on magnesium 
and its alloys (Mg-Al and Mg-Pb alloys, for example). These dendrites grow on 
the negative electrode and penetrate the separator, thereby causing a short 
circuit. Production of a successful magnesium secondary cell depends on finding 
a solution to this problem. 

None of the calcium or magnesium cells tested so far have performed as well 
as the lithium/metal sulfide cells. Studies in the coming year will be directed 
toward improving the performance of these cells and investigating the properties 
of other types of positive electrodes, such as metal oxides or metal halides. 

REFERENCES 

M. L. Kyle, E. J. Cairns, and D. S. Webster, Lithium/Sulfur Batteries for 
Off-Peak Energy Storage: A Preliminary Comparison of Energy Storage and 
Peak Power Generation Systems, Argonne National Laboratory Report ANL-7958 
(March 1973). 

P. A. Nelson, A. A. Chllenskas and R. K. Steunenberg, The Need for 
Development of High-Energy Batteries for Electric Automobiles, Argonne 
National Laboratory Report ANL-8075 (November 1974). 

W. L. Towle, J. E. A. Graae, A. A. Chllenskas, and R. 0. Ivlns, Cost 
Estimate for the Commercial Manufacture of Lithium/Iron Sulfide Cells for 
Load-Leveling, Argonne National Laboratory Report ANL-76-12 (March 1976). 



26 

ADDENDUM: PUBLICATIONS~1977 

A. Open-Literature Publications 

K. E. Anderson, Z. Tomczuk, D. R. Vlssers, and M. F. Roche 
The Evaluation of TiS2 as a Positive Electrode Material 

Extended Abstracts Electrochem. Soc. Meeting, 
October 9-14, 1977, Vol. 77-2, p. 134 (1977) 

J. Battles and F. Mrazek 
Postoperative Examinations of Li-Al/FeSx Secondary Cells 

Extended Abstracts Electrochem. Soc. Meeting, 
October 9-14, 1977, Vol. 77-2, p. 161 (1977) 

W. Borger, T. Kaun, and H. Shimotake 
The Effect of Pyrolytic Carbon Additive on the Performance of Iron 
Sulfide Cathodes 

Extended Abstracts Electrochem. Soc. Meeting, 
October 9-14, 1977, Vol. 77-2, p. 108 (1977) 

A. A. Chllenskas, T. E. Fornek, J. E. Battles, and R. K. Steunenberg 
Lithium/Metal Sulfide Batteries for Load-Leveling 

Proc. Load Leveling Symp., 152nd Electrochem. Soc. Meeting, 
Atlanta, Georgia, October 10-14, 1977, Vol. 77-4, 
pp. 318-333 (1977) 

J. G. Eberhart 
The Wettability of Some Metals and Ceramics by Molten Salt 

Proc. 69th Annual Meeting AIChE, Paper No. 37f (December 1976) 

W. R. Frost, F. C. Mrazek, K. E. Anderson, D. R. Vlssers, L. Plew, 
D. File, and R. Alcorn 

Morphology of Li-Al Electrodes in Ll/LlCl-KCl/Al Cells 
Extended Abstracts Electrochem. Soc. Meeting, May 8-13, 1977, 
Vol. 77-1, p. 970 (1977) 

E. C. Gay, D. R. Vlssers, F. J. Martino, and K. E. Anderson 
Performance Characteristics of Solid Lithium-Aluminum Alloy 
Electrodes 

J. Electrochem. Soc. 123(11), 1591-1596 (November 1976) 

E. C. Gay, D. R. Vlssers, N. P. Yao, F. J. Martino, T. K. Kaun, and 
A. Tomczuk 

Electrode Designs for High Performance Lithium-Aluminum/Iron 
Sulfide Cells 

Power Sources 6, Research and Development in Nonmechanical 
Electrical Power Sources, D. H. Collins, Ed., No. 47, 
pp. 735-750 (1977) 

T. K. Kaun 

Porous Carbonaceous Electrode for Secondary Electrochemical Cells 
U. S. Patent 4,011,374 (March 8, 1977) 



27 

T. D. Kaun, D. R. Vlssers, and H. Shimotake 
Uncharged Positive Electrode Composition 

U. S. Patent 4,011,373 (March 8, 1977) 

T. D. Kaun and W. A. Kremsner 
Carbon-Bonded Electrode Development for Ll-Al/Metal Sulfide Cells 

Extended Abstracts Electrochem. Soc. Meeting, October 9-14, 
1977, Vol. 77-2, p. 105 (1977) 

F. Martino, D. R. Vlssers, F. Mrazek, and H. Shimotake 
Effects of Metal Additives on Lifetime and Performance of 
Li-Al-M/FeS^ Cells 

Extended Abstracts Electrochem. Soc. Meeting, October 9-14, 
1977, Vol. 77-2, p. Ill (1977) 

J. P. Mathers, T. W. Olszanskl, and J. E. Battles 
Evaluation of Porous Paper and Felt Ceramics for Electrode Separators 
in High Temperature Li-Al/LlCl-KCl/FeSx Cells 

J. Electrochem. Soc. 124(8), 1149-1154 (August 1977) 

C. A. Melendres 
Kinetics of Electrochemical Incorporation of Lithium into Aluminum 

J. Electrochem. Soc. 12H5), 650-655 (May 1977) 

C. A. Melendres, C. C. Sy, and B. S. Tani 
Anodic Sulfldation of Iron in Molten LlCl-KCl 

J. Electrochem. Soc. 124(7), 1060-1063 (July 1977) 

C. A. Melendres and C. C. Sy 
Electrochemical Behavior of Iron in Solutions of Lithium Sulfide 
in Molten LiCl-KCl 

Extended Abstracts Electrochem. Soc. Meeting, May 8-13, 1977, 
Vol. 77-1, p. 980 (1977) 

F. C. Mrazek and J. E. Battles 
Electrochemical Formation and Chemical Characterization of a 
Djerfisherite-llke Compound 

J. Electrochem. Soc. 124(10), 1556 (October 1977) 

T. Olszanskl, C. Boqulst, J. Mathers, and H. Shimotake 
HIgh-Performance LlAl/FeSx Cells with Ceramic-Powder Separators 

Extended Abstracts Electrochem. Soc. Meeting, 
October 9-14, 1977, Vol. 77-2, p. 103 (1977) 

S. K. Preto, L. E. Ross, A. E. Martin, and M. F. Roche 
Calcium/Iron Sulfide Secondary Cells 

Extended Abstracts Electrochem. Soc. Meeting, May 8-13, 1977, 
Vol. 77-1, p. 978 (1977) 

M. F. Roche, S. M. Faist, J. G. Eberhart, and L. E. Ross 
Wick and Pool Electrodes for Electrochemical Cells 

U. S. Patent 780,722 (March 2, 1977) 



28 

L. E. Ross, S. Faist, C. C. Sy, and M. Roche 

Lithium Wick Electrode „ ^ ^ .. u«^ o ^L 
Extended Abstracts Electrochem. Soc. Meeting, October 9-14, 
1977, Vol. 77-2, p. 239 (1977) 

J. R. Selman, D. K. DeNucclo, C. C. Sy, and R. K. Steunenberg 
EMF Studies of Lithium-Rich Lithium-Aluminum Alloys for High-
Energy Secondary Batteries no-,-,N 

J. Electrochem. Soc. 124(8), 1160-1164 (August 1977) 

H. Shimotake, P. A. Nelson, and L. G. Bartholme 
Development of Li-Al/FeSx Cells for Load-Leveling Applications 

Proc. World Electrochem. Congress, Sec. 5B, No. 19 (1977) 

R. K. Steunenberg 
Lithium-Aluminum/Metal Sulfide Batteries 

Proc. AIAA Conf. on the Future of Aerospace Power Systems, 

pp. 1-10 (March 1977) 

R. K. Steunenberg and M. F. Roche 
Electrochemistry of Lithium/Metal Sulfide and Calcium/Metal 
Sulfide Cells Using Molten Salt Electrolytes 

Extended Abstracts Electrochem. Soc. Meeting, May 8-13, 1977 
Vol. 77-1, p. 382 (1977) 

B. S. Tani 
X-ray Study of K5LiFe2i+S26Cl, a Djerfisherite-llke Compound 

Am. Mineralogist 62, 819-823 (1977) 

D. R. Vlssers, K. E. Anderson, and F. C. Mrazek 
Effects of Metal Additives on the Performance Characteristics of 
Lithium-Aluminum Alloy Electrodes 

Extended Abstracts Electrochem. Soc. Meeting, May 8-13, 1977, 
Vol. 77-1, p. 972 (1977) 

B. Papers Accepted for Publication in the Open Literature 

J. E. Battles, J. S. Smaga, and K. M. Myles 
Materials Requirements for High Performance Secondary Batteries 

Accepted for publication in Metall. Trans. 

J. A. Smaga, F. C. Mrazek, K. M. Myles, and J. E. Battles 
Materials Requirements in Li-Al/LlCl-KCl/FeSx Secondary Batteries 

Accepted for publication in Corrosion 

C. ANL Reports 

P. A. Nelson, N. P. Yao, A. A. Chllenskas, E. C. Gay, R. K. Steunenberg, 
J. E. Battles, F. Hornstra, W. E. Miller, M. F. Roche, H. Shimotake, 
and W. J. Walsh 

High Performance Batteries for Off-Peak Energy Storage and Electric-
Vehicle Propulsion, Progress Report for the Period July-September 
1976 

ANL-76-98 



29 

P. A. Nelson, N. P. Yao, R. K. Steunenberg, A. A. Chllenskas, E. C. Gay, 
J. E. Battles, F. Hornstra, W. E. Miller, M. F. Roche, and H. Shimotake 

High-Performance Batteries for Stationary Energy Storage and 
Electric-Vehicle Propulsion, Progress Report for the Period 
October-December 1976 

ANL-77-17 

P. A. Nelson, N. P. Yao, R. K. Steunenberg, A. A. Chllenskas, E. C. Gay, 
J. E. Battles, F. Hornstra, W. E. Miller, M. F. Roche, and H. Shimotake 

Development of Lithium/Metal Sulfide Batteries at Argonne National 
Laboratory, Summary Report for 1976 

ANL-77-18 

P. A. Nelson, N. P. Yao, R. K. Steunenberg, A. A. Chllenskas, E. C. Gay, 
J. E. Battles, F. Hornstra, W. E. Miller, M. F. Roche, and H. Shimotake 

High-Performance Batteries for Stationary Energy Storage and 
Electric-Vehicle Propulsion, Progress Report for the Period 
January-March 1977 

ANL-77-35 

D. Papers Presented At Scientific Meetings 

J. E. Battles 
Materials Requirements for High Performance Secondary Batteries 

Presented at ASM/ANL Mayfield-Grossmann Seminar on Materials 
Requirements in Future Energy Systems, April 7, 1977 

A. A. Chllenskas and W. L. Towle 
Commercialization Planning for the Lithium/Iron Sulfide Battery 

Presented at Symp. on Lithium Needs and Resources, 
Corning, NY October 12-14, 1977 

A. A. Chllenskas 
The Preliminary Design of a 30-kWh Lithium/Iron Sulfide Battery 
for Electric Vehicles 

Presented at 25th Design Engineering Conf., ASME, Chicago, IL, 
May 9-12, 1977 

J. G. Eberhart 
The Wetting Behavior of Molten Carbonate Salt 

Presented at Molten Carbonate Fuel Cell Workshop, Chicago, IL, 
February 15, 1977 

E. C. Gay, H. Shimotake, W. E. Miller, R. C. Elliott, and P. A. Nelson 
Advances in the Development of Li-Al/FeS2 Cells for Electric-
Automobile Batteries 

Presented at 12th lECE Conf., Washington, DC, 
August 28-September 2, 1977 

V. M. Kolba 
Development of Lithium/Metal Sulfide Batteries 

Presented at SAE Mississippi Valley Section Metting, Waterloo, 
lA, October 27, 1977 



30 

V. M. Kolba 
Unique Aspects of High Temperature Lithium/Metal Sulfide Batteries 

Presented at Midcon/77 IEEE Conf., Chicago, IL, November 1977 

J. P. Mathers, C. W. Boqulst, T. W. Olszanskl, and J. E. Battles 
Fibrous and Powdered Ceramic Electrode Separators for Li-Al/FeSx 
Batteries 

Presented at American Ceramic Soc. Meeting, Chicago, IL, 
April 23-28, 1977 

W. E. Miller, V. M. Kolba, K. Gentry, and A. A. Chllenskas 
The Design and Development of a 30-kWh Lithium-Aluminum/Iron 
Sulfide Electric Vehicle Battery 

Presented at 12th lECE Conf., Washington, DC, 
August 28-September 2, 1977 

W. E. Miller, R. Elliott, and E. C. Gay 
Performance of First Commercial Li-Al/lron Sulfide Cells 

Presented at Fourth Int. Symp. on Automotive Propulsion 
Systems/Low Pollution Power Systems Development, ERDA/TEC, 
Washington, DC, April 18-22, 1977 

K. M. Myles 
Materials Development in the Lithium-Aluminum/Iron Sulfide 
Battery Program at Argonne National Laboratory 

Presented at Univ. of Wisconsin, Milwaukee, WI, May 5, 1977 

P. A. Nelson 
Overview - ANL Program 

Presented at CSUI-ANL Conf. on Energy Storage, Argonne IL 
November 11-12, 1977 ^ & > , 

H. Shimotake 

The Role of High-Temperature Batteries in the Energy Problem 
Presented at lUPAC Post-Congress Symp., Kyoto Kaikan, 
Okazaki, Kyoto, Japan, September 12-13, 1977 

R. K. Steunenberg 

High-Performance Lithium/Metal Sulfide Batteries 
Presented to Loyola Chemistry Department, Chicago, IL 
January 5, 1977 



31 

Distribution of ANL-78-20 

Internal: 

M. V. Nevitt 
R. V. Laney 
P. R. Fields 
S. A. Davis 
B. R. T. Frost 
G. T. Garvey 
D. C. Price 
K. E. Anderson 
J. D. Arntzen 
J. Barghusen 
L. Bartholme 
J. E. Battles 
E. C. Berrill 
C. A. Boquist 
L. Burris 
F. A. Cafasso 
A. A. Chllenskas 
K. Choi 
P. Cunningham 
D. Day 
W. DeLuca 
R. Dunne 
J. G. Eberhart 
R. Elliott 
W. R. Frost 
E. C. Gay 
J. Harmon 
F. Hornstra 

A. A. Jonke 

R. W. Kessie 
G. M. Kesser 
V. M. Kolba 
W. Kremsner 
M. L. Kyle 
W. W. Lark 
S. Lawroski 
R. F. Malecha 
A. E. Martin 
F. J. Martino 
C. A. Melendres 
A. Melton 
W. E. Miller 
F. Mrazek 
K. M. Myles 
T. Olszanskl 
P. A. Nelson (100) 
E. G. Pewitt 
E. R. Proud 
S. Preto 
G. Redding 
M. F. Roche 
L. E. Ross 
M. Saboungi 
W. W. Schertz 
J. L. Settle 
H. Shimotake 

J. A. Smaga 
R. K. Steunenbei 
B. Swaroop 
C. A. Swoboda 
Z. Tomczuk 
R. Varma 
D. R. Vlssers 
S. Vogler 
W. J. Walsh 
D. S. Webster 
S. E. Wood 
N. P. Yao 
P. Eshman 
J. E. A. Graae 
J. L. Hamilton 
P. A. Eident 
T. D. Kaun 
J. E. Kincinas 
K. Kinoshita 
Z. Nagy 
K. A. Reed 
M. A. Slawecki 
N. Otto 
C. Sy 
A. B. Krisciunas 
ANL Contract Copy 
ANL Libraries (5) 
TIS Files (6) 

External: 

DOE-TIC, for distribution per UC-94c (182) 
Chief, Chicago Patent Group 
V. Hummel, DOE-CH 
President, Argonne Universities Association 
Chemical Engineering Division Review Committee: 

C. B. Alcock, U. Toronto 
R. C. Axtmann, Princeton Univ. 
R. E. Balzhiser, Electric Power Research Institute 
J. T. Banchero, Univ. Notre Dame 
T. Cole, Ford Motor Co. 
P. W. Gilles, Univ. Kansas 
R. I. Newman, Allied Chemical Corp. 
G. M. Rosenblatt, Pennsylvania State Univ. 

J. G. Ahlen, Illinois Legislative Council, Springfield 
J. Ambrus, Naval Surface Weapons Center 
J. N. Anand, Dow Chemical Co., Walnut Creek, Calif. 
F. Anson, California Inst. Technology 
P. Auh, Brookhaven National Laboratory 
B. S. Baker, Energy Research Corp. 
H. Balzan, Tennessee Valley Authority 



32 

K. F. Barber, Dlv. Transportation Energy Conservation, USDOE 
H. J. Barger, Jr., U. S. Army MERDC, Fort Belvoir 
T. R. Beck, Electrochemical Technology Corp., Seattle 
J. A. Belding, Dlv. Conservation Research & Technology, USDOE 
M. Benedict, Massachusetts Institute of Technology 
D. N. Bennion, Univ. California, Los Angeles 
J. Birk, Electric Power Research Inst. 
J. Braunstein, Oak Ridge National Laboratory 
M. Breiter, GE Research & Development Center 
J. 0. Brittain, Northwestern U. 
R. Brodd, Parma Technical Center, Union Carbide Corp. 
J. J. Brogan, Div. Transportation Energy Conservation, USDOE 
E. Brooman, Battelle Memorial Institute, Columbus 
B. D. Brummet, McGraw-Edison Co., Bloomfleld, NJ 
D. M. Bush, Sandia Laboratories 
E. Buzzelli, Westlnghouse Electric Corp., Pittsburgh 
E. J. Cairns, General Motors Research Lab., Warren, Mich. 
E. Carr, Eagle-Picher Industries, Joplin 
P. Carr, Energy Development Associates, Madison Heights, Mich. 
Chloride Systems (U. S. A.) Inc., North Haven, Conn. 
C. Christenson, Gould Inc. 
C. A. demons, PPG Industries, Pittsburgh 
M. Cohen, Univ. of Chicago 
A. R. Cook, Int'l Lead Zinc Research Organization, Inc., New York City 
D. R. Craig, Hooker Chemical Corp. 
G. Cramer, Southern California Edison, Rosemead 
F. M. Delnick, Sandia Labs. 

J. Dunning, General Motors Research Lab., Warren, Mich. 
P. Eggers, Battelle Memorial Institute, Columbus 
M. Eisenberg, Electrochimica Corp. 
R. P. Epple, Div. Physical Research, USDOE 
P. L. Fleischner, National Beryllia Corp. 
J. H. B. George, Arthur D. Little, Inc. 
J. Giner, Tyco Labs., Inc., Waltham, Mass. 
G. Goodman, Globe-Union, Inc., Milwaukee 
G. Gorten, Gorten and Associates, Sherman Oaks, Calif. 
H. Grady, Foote Mineral Co., Exton, Pa. 
S. Gratch, Birmingham, Mich. 
D. Gregory, Institute of Gas Technology, Chicago 
N. Gupta, Ford Motor Co. 
N. Hackerman, Rice U. 
G. Hagey, Div. of Technology Overview, USDOE 
C. Halpin, Halpin Engrs. Grosse Point, Mich. 
R. Hamilton, Carborundum Co., Niagara Falls 
W. Hassenzahl, Los Alamos Scientific Laboratory 
L. A. Heredy, Atomics International 
B. Higglns, Eagle-Picher Industries, Joplin 
R. Hudson, Eagle-Picher Industries, Joplin 
J. R. Huff, U. S. Army Mobility Equipment R&D Center, Fort Belvoir 
R. A. Huggins, Stanford U. 
R. A. Huse, Public Service Electric & Gas Co., Newark, N.J. 
S. D. James, U. S. Naval Surface Weapons Center 



33 

M. A. Jansen, Allegheny Power Service Corp., Greensburgh, Pa. 
G. Janz, Rensselaer Polytechnic Inst. 
H. Jensen, C&D Batteries, Plymouth Meeting, Pa. 
F. Kalhammer, Electric Power Research Institute 
K. Kinsman, Ford Motor Co. 
R. Kirk, Div. of Transportation Energy Conservation, USDOE 
K. W. Klunder, Div. of Energy Storage Systems, USDOE 
J. Lagowski, Detroit Edison Utility Co. 
J. J. Lander, Air Force Aero Propulsion Lab., Wright-Patterson AFB 
A. Landgrebe, Div. of Energy Storage Systems, USDOE (6) 
C. E. Larson, Bethesda, Md. 
S. H. Law, Northeast Utilities, Hartford, Conn. 
H. Leribaux, Texas A&M U. 
D. Linden, U. S. Army Electronics Command, Fort Monmouth, N.J. 
R. Llewellyn, Indiana State U. 
P. S. Lykoudis, Purdue Univ. 
G. Mamantov, U. Tennessee 
J. Mathers, U. Maryland 
C. J. Mazac, PPG Industries, Corpus Christi 
J. McKeown, Office of Program Administration, USDOE 
C. McMurty, Carborundum Co., Niagara Falls 
R. McRae, ILC Technology, Sunnyvale, Calif. 
D. Meighan, C&D Batteries, Plymouth Meeting, Pa. 
R. Minck, Ford Motor Co. 
F. Moore, Div. of Energy Storage Systems, USDOE 
G. Murray, Detroit Edison Utility Co. 
E. Nicholson, Esso Research & Engineering Corporate Res. Lab., Linden, N. 
C. Pax, Div. Transportation Energy Conservation, USDOE 
G. F. Pezdirtz, Div. of Energy Storage Systems, USDOE 
R. Rightmire, Standard Oil of Ohio, Cleveland 
R. Rizzo, Globe-Union, Inc., Milwaukee 
N. Rosenberg, Transportation Systems Center, Cambridge, Mass. 
N. W. Rosenblatt, E. I. duPont de Nemours & Co., Wilmington 
R. Rubischko, Gould Inc. 
A. Salkind, ESB Inc., Yardley, Pa. 
G. Scharbach, American Motors General Corp., Wayne, Mich. 
T. Schneider, Public Service Electric & Gas Co., Newark, N.J. 
R. I. Schoen, National Science Foundation 
J. R. Schorr, Battelle Memorial Institute, Columbus 
D. R. Schramm, Public Service Electric & Gas Co., Newark, N.J. 
H. J. Schwartz, NASA Lewis Research Center 
J. R. Selman, Illinois Institute of Technology 
A. I. Snow, Atlantic Richfield Co., Harvey, 111. 
S. Srinivasan, Brookhaven National Laboratory 
D. Stakem, Catalyst Research Corp., Baltimore 
E. Steeve, Commonwealth Edison Co., Chicago 
R. H. Strange II, National Science Foundation 
R. L. Strombotne, U. S. Dept. Transportation, Washington 
S. Sudar, Atomics International 
R. H. Swoyer, Pennsylvania Power and Light Co., Allentown 
F. Tepper, Catalyst Research Corp., Baltimore 
L. Thaller, NASA Lewis Research Center 
G. M. Thur, Div. Transportation Energy Conservation, USDOE 



34 

C. W. Tobias, U. California, Berkeley 
L. Topper, National Science Foundation 
W. Towle, Globe-Union, Inc., Milwaukee 
J. Vanderryn, Office of Intern. R&D Programs, USDOE 
J. V. Vinciguerra, Eagle-Picher Industries, Joplin 

R. D. Walker, Jr., U. Florida 
C O . Wanvig, Jr., Globe-Union, Inc., Milwaukee 
S. A. Weiner, Ford Motor Co. 
J. Werth, ESB Inc., Yardley, Pa. 
C. Wienlein, Globe-Union, Inc., Milwaukee 
F. Will, General Electric R&D Center, Schenectady 
J. Withrow, Chrysler Corp., Detroit 
W. L. Wonell, U. of California, Berkeley 
S. Wood, La Grange Park, 111. 
T. Wydeven, NASA Ames Research Center 
0. Zimmerman, Portland General Electric Co., Portland, Ore. 
M. Zlotnick, Div. Conservation Research and Technology, USDOE 
Chloride Technical Limited, Manchester, England 
E. Voss, Varta Batterie A.G., Kelkhern, Germany 
E. Aiello, U. of Chicago 
W. J. Argersinger, Jr., U. of Kansas 
J. T. Banchero, U. of Notre Dame 
K. J. Bell, Oklahoma State U. 
R. Blanco, Oak Ridge Nat. Lab. 
C. F. Bonilla, Columbia U. 
W. Brandt, U. of Wisconsin-Milwaukee 
A. E. Dukler, U. of Houston 
W. J. Frea, Michigan Tech. U. 
J. E. Linehan, Marquette U. 
Maine Univ., Prof, in charge of Chem. Engr. Lib. 
Marquette U., Dept. of Chemistry 
Michigan Tech. U., Library 
N. R. Miller, United Nuclear Industries, Richland 
G. Murphy, Iowa State U. 
E. A. Peretti, U. of Notre Dame 
G. W. Preckshot, U. of Missouri 
H. Rosson, U. of Kansas 
C. Sanathanan, U. of Illinois-Chicago Circle 
A. Sesonske, Purdue U. 
USDOE, Director, Div. of Safeguards and Security 
B. W. Wilkinson, Michigan State U. 
Comision Nacional de Energia Atomica, Library, Argentina 
J. A. Sabato, Com. Nac. de Energia Atomica, Buenos Aires, Argentina 
C. H. Cheng, Nat'l Tsing Hau Univ., China 
National Radiological Protection Board, Library, Harwell, England 
L. Kemmerich, Ges. fur Kernforschung, Karlsruhe, Germany 
F. Weigel, Inst, fur Anorganische Chemie der U. Munich, Germany 
N. Saratchandran, Bhabha Atomic Research Centre, Bombay, India 
K. Fujimiya, U. of Tokyo, Japan 
Japan Atomic Energy Research Inst., Tokal-mura, Japan 
K. Matsuda, Inst, of Physical & Chemical Res., Yamato-machi, Japan 
Sang-Soo Lee, Korea Advanced Institute of Science, Korea 
Korean Atomic Energy Research Institute, Korea 
Ragnar Nordberg, Sahlgren's Hospital, Goteborg, Sweden 



ARGONNE NATIONAL LAB WEST 

• l i i p i i X 


